Introduction
Mongoloid descendants are now distributed over a wide area of the Pacific Rim region, having adapted to a variety of environments. One of the major issues for research into the prehistoric dispersal of Asiatic mongoloid peoples is the question of the first Americans, the peopling of the New World. No authority doubts that the ancestral Native Americans came from Northeast Asia across the Bering landbridge, then dispersed and settled in various parts of the Americas, and finally reached the (Brown 1980; Denaro et al. 198 1; Blanc et al. 1983; Johnson et al. 1983; Cann et al. 1984; Horai et al. 1984; Brega et al. 1986; Cann et al. 1987; Horai et al. 1987; Harihara et al. 1988; Stoneking et al. 1990; Merriwether et al. 199 1; Ballinger et al. 1992) . Studies of mtDNA polymorphism of Native Americans (Wallace et al. 1985; Schurr et al. 1990 ) have shown that North, Central, and South American populations exhibit high frequencies of the same set of rare Asian variants. They suggested that all Amerindians were founded by an Asiatic mongoloid population, through a severe bottleneck before or during inhabitation of the Americas. From recent restriction-enzyme analysis, however, the same group reported that two migrations gave rise to distinct populations of Nadene and Amerindians .
Although restriction-enzyme analyses represent polymorphisms over the whole mitochondrial genome, some ambiguities remain with respect to the actual number of nucleotide differences and the estimation of genetic distances . In recent mtDNA analyses, it has become popular to employ the direct sequencing by means of polymerase chain reaction (PCR). Targeted was a major noncoding region of mtDNA that has apparently evolved several times faster than other parts (Vigilant et al. 1989, 199 1; Horai and Hayasaka 1990; Horai et al. 199 1; Di Rienzo and Wilson 199 1) . Sequence analysis of this region therefore offers a high resolution that discriminates among even closely related individuals. Utilizing this advantage, Ward et al. ( 199 1) analyzed the major noncoding region of Native American mtDNAs from a single tribe. Their observation suggested that a considerable amount of mitochondrial diversity was introduced into the New World at the time of initial colonization. To further investigate the peopling of the Americas, we have examined the mtDNA sequence variations in the major noncoding region from 16 different Native American populations, which are distributed over a wide range of the North, Central, and South Americas.
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Material and Methods

Samples of Native Americans
Blood lymphocytes were obtained from 65 subjects including 20 individuals from four locations in Colombia and 45 individuals from nine locations in Chile who were randomly chosen during the survey of HTLV-1 carriers among Native Americans (K. Tajima, personal communication). Genomic DNA from seven other Native Americans (one Apache Indian, three Mayas, and three Brazilians) was provided by A. C. Wilson (University of California, Berkeley). The geographic localities represented by the total sample of 72 individuals are shown in figure 1.
Genomic DNA was prepared from blood lymphocytes by treatment with sodium dodecyl sulfate and proteinase K and subsequent phenol/chloroform extraction. A fragment of mtDNA was amplified by means of the PCR method described by Saiki et al. (1988) .
Direct Sequencing of PCR Products by Using 3L Exonuclease
To generate single-stranded template DNAs from PCR products, progressive digestion of one DNA strand by h exonuclease was employed. Bacteriophage h exonuclease catalyzes the stepwise release of 5' mononucleotides from the 5' phosphate termini or protruding 5' termini of double-stranded DNA (Little et al. 1967) . The enzyme will also work, albeit lOO-fold less efficiently, on single-stranded DNA. Because oligonucleotide primers lack the required phosphate residues at the 5' terminus, the PCR products obtained by these primers do not serve as substrates. Amplification with one primer containing 5' phosphate terminus and with the other without the 5' phosphate residue, however, generates PCR product with only one 5' phosphate terminus. A following digestion with h exonuclease will thus yield a single-stranded template DNA for sequencing (Higuchi and Ochman 1989) .
The following oligonucleotide primers were designed for amplification and sequencing : 160 1 l-5 '-AAACTATTCTCTGTTCTTTC-3 '-16030, 16204-5 'AGCA-AGTACAGCAATCAACC-3'-16223, 16403-5'-CCATCCTCCGTGAAATCAAT-3'-16422, 4 l-5 '-AAAATACCAAATGCATGGAG-3 '-22, and 162-5'-TAATATT-GAACGTAGGTGCG-3 '-143. [The notation of Anderson et al. ( 198 1) is used for numbering of bases.]
The 5' termini of primers were phosphorylated by T4 polynucleotide kinase (Takara). PCR was carried out on a total DNA sample by using the phosphorylated primer and the nonphosphorylated primer. The following program of thermal cycling was used: incubation at 94°C for 15 s, 45°C for 15 s, and 72°C for 30 s, for a total of 30 cycles. PCR products were extracted with phenol/chloroform and chloroform and dissolved in a buffer for h exonuclease after ethanol precipitation. Samples were incubated with 3L exonuclease (GIBCO BRL) for 1 h at 37°C and for 30 min at 70°C. Primers and mononucleotides were removed by precipitation with polyethylene glycol/ NaCl. DNA was dissolved in a suitable volume of sterilized water and was used as template for sequencing carried out with the Sequenase kit (U.S. Biochemical).
Detection of the CO11 / tRNA Lys Intergenic Deletion A set of oligonucleotide primers was designed as follows, to amplify a COII/ tRNA Lys intergenic region of mtDNA: 82 l l -5'-TCGTCCTAGAATTAATTCCC-3
'-8230 and 83 lo-5'-AGTTAGCTITACAGTGGGCT-3'-829
1. The amplified fragments were separated by electrophoresis on 4% agarose gels and were detected fluorographically after staining with ethidium bromide.
Data Analyses
The number of nucleotide substitutions, per site, between individual sequences was estimated using the six-parameter model of nucleotide substitution (Gojobori et Peopling of the Americas/Mitochondrial DNA 27 al. 1982). On the basis of the estimated number of nucleotide substitutions, phylogenetic trees were constructed using the neighbor-joining (NJ) method (Saitou and Nei 1987 ) and the unweighted pair-group (UPG) method (Sokal and Sneath 1963, pp. 182-185; Nei 1987, pp. 293-298) .
Results and Discussion
Sequence Differences in Native Americans
We determined the nucleotide sequence of a 482-bp fragment of the major noncoding region (positions 16 129-16569 followed by positions l-36 in the reference sequence of Anderson et al. 198 1) for 72 Native Americans from 16 local populations. There are 43 types of sequences defined by 47 variable positions ( fig. 2) . The most frequent type is scored in eight individuals, whereas 29 types are observed only once. Differences between the sequences are mostly attributed to transitional substitutions (98%)) except for insertions of C's and deletions of A's in a hypervariable domain of the region (Horai and Hayasaka 1990) .
Although only three to five individuals were analyzed from each local population (except for one individual from Apache), the range of nucleotide diversity (nucleotide differences per site) within populations is 0.7 1%-l .75%, indicating considerable genetic variation in the Native American populations (table 1) . Average value of nucleotide diversity between the local populations is estimated as 1.30%. This is the same magnitude as the mean value ( 1.21%) for diversity within a population, indicating that considerable migration has occurred between populations after the settlement of each locality. Furthermore, the overall nucleotide diversity among the Native Americans is estimated to be 1.29%, which is slightly smaller than the value 1.44% from the total human population including Africans, Europeans, and Asians.
Four Major Lineages of mtDNA in Native Americans
On the basis of the pairwise number of nucleotide substitutions, an NJ tree was constructed ( fig. 3 ). This tree indicates that all lineages except two fall into four different clusters, though the clusters are not necessarily monophyletic. Each cluster consists of 9-12 types of mtDNA lineages. The number of individuals for clusters I, II, III, and IV are 13, 17, 14, and 26, respectively. Individuals from Colombia and Chile appear in every cluster. However, 86% of the members of cluster III are from the Central American (Mayan) and northern part of South America. This cluster contains 50% of the examined Colombians, as opposed to 4% of the Chileans. This suggests that the lineages of cluster III are derived from an ancestral population that contributed greatly to the colonization of the central and northern part of South America (Colombia). On the other hand, 88% of the members of cluster II are from Chile. If we assume that migration occurred gradually and directionally toward the south, this suggests a possibility that the ancestral population of cluster II is one of the first group of Americans who entered the New World.
Each of the four clusters possesses a specific combination of shared polymorphic sites ( fig. 2 ). All members of cluster I share one unique site [polymorphic site ( ps) 16; C at bp 162 171 and three other sites ( ps 9, insertion of C at bp 16 184; ps 11, C at bp 16 189; and ps 46, C at 165 19). This cluster is also characterized by possession of a 9-bp CO11 / tRNA Lys intergenic deletion (Cann and Wilson 1983) , which has been assigned as an Asian-specific deletion Wrischnik et al. 1987; Hertzberg et al. 1989 ). Clusters II-IV are different from cluster I, by exhibiting ps 17 (T at bp 16223). In cluster II, all individuals share a combination of two other polymorphic sites (ps 35, C at bp 16325; and ps 40, C at bp 16362). In addition, 13 Anderson et al. 198 1) . The nucleotide in the reference sequence (Anderson et al. 198 1) is shown below the order for polymorphic sites. For other sequences, only the differences from the reference sequence are indicated. The number of individuals for each sequence type is shown by arabic numerals at the right of each sequence. The roman numerals indicate the clusters I-IV, characterized in fig. 3 . Each ps corresponds to the following site and replacement in the reference sequence: 1,16129G+A;2, 16142C+T;3,16171A+G,4,16172T+C;5,16182A~-;6, 16183A+-;7,16184.2 -+C; 8, 16184.3 -+C; 9, 16184.4 -+c; 10, 16187 C+T; 11, 16189 T+C; 12, 16192 C-T; 13, 16207 A+G; 14, 16209 T+C, 15, 16213 G+A, 16, 16217 T+C, 17, 16223 C-T; 18, 16242 C+A; 19, 16245 C+T; 20, 16249 T-+C, 21, 16263 T-C; 22, 16265 A+G, 23, 16289 A-+ 24, 16290 C-T; 25, 16291 C-T; 26, 16294 C+T; 27, 16296 C+T; 28, 16298 T+C; 29, 16300 A+G, 30, 16304 T+C; 31 individuals exhibit a polymorphism, ps 10 (T at bp 16 187)) that is specific to this cluster. All members of cluster III possess two unique sites ( ps 24, T at bp 16290; and ps 32, A at bp 163 19) and a ps 40 (C at bp 16362). Cluster IV has a combination of two particular sites (ps 28, C at bp 16298; and ps 36, T at bp 16327). Twenty-five members in this cluster share another ps 35 (C at bp 16325), which is also seen in all members of cluster II. Although two individuals are not classified into any of the four clusters, the remaining 70 are included in one of these, indicating that four major mitochondrial lineages have contributed to the peopling of the Americas.
Properties of Sequence Differences in the Entire Human Population
The nucleotide sequences of the same region have been determined for >lOO individuals including Africans, Europeans, and Asians (Horai and Hayasaka 1990; Horai et al. 1991) . With the addition of the present 72 Native American sequences, the 482-bp sequences from 193 individuals were analyzed. We compared these sequences with the reference sequence reported by Anderson et al. ( 198 1 ), and we scored the nucleotide substitutions and indels detected in at least one individual ( fig.  4 and table 2 ). There are mutations at 132 sites in total. At six sites, two different kinds of nucleotide substitutions occur. A significantly nonrandom distribution of nucleotide substitutions and variations in sequence length is also noted.
Analysis of the distribution of mutations in the region shows that most of the highly variable sites lie near the gene for proline tRNA. There is, however, one highly polymorphic site (T-to-C transition at bp 165 19) near the origin of replication of the H-strand ( fig. 5 ) . This polymorphism is probably due to a parallel mutation in different lineages. The nonrandom distribution of mutations can be explained by the neutral theory (Kimura 1983, pp. 156-168) , which stipulates that some selective constraint is operative even in the major noncoding region of mtDNA. The observed numbers of mutations, which are classified according to the type of mutation, indicate that 90% are transitions while 10% are transversions. Moreover, transitions between pyrimidines are more frequent than those between purines, probably reflecting a low content of a G residue in the human mtDNA sequence. Deletion of an A residue at two sites and insertion of a C residue at five sites are found in a particular domain that contains serially repeated stretches of A and C residues ( fig.  4) . These results confirm several features of the noncoding region of mtDNA that were previously reported by Greenberg et al. ( 1983 ) and Horai and Hayasaka ( 1990) .
There are 19 sequence types in the 14-bp hypervariable region (bp 16 1 ) .
Correlation of each sequence type with the four geographic groups is shown in table 3. In total, -60% of individuals exhibited the sequence that contains four A's, five C's, one T, and four C's (type 1 in table 3). However, the remainder show a variety of sequences in this domain. Nine variant sequences are due to base substitutions in the stretches of C's (types 2-10). In other variant sequences, differences result from elongation of the stretch of C's and shortening of the stretch of A's (types 1 l-l 9). These distinct sequence patterns in the hypervariable region indicate that once the T at bp 16 189 is substituted by C, the number of A's and C's becomes flexible, probably as a result of errors in replication. This T-to-C transition has occurred independently several times in different lineages, as confirmed by the phylogenetic analysis (see below ) .
However, individuals who exhibit a 9-bp deletion in the COII/tRNALYS intergenic region all possess the T-to-C transition and resulting flexible numbers of A's and c's. In Native Americans, 50% belong to type 1 and 32% possess the T-to-C transition. These values are similar to those of the Asians. However, noteworthy is a relatively high proportion ( 15.5%) of type 5, compared with 3.3% in Asians.
Phylogeny of mtDNA Sequences
The 482-bp sequences from 193 individuals were aligned and compared, and the number of nucleotide substitutions between each pair of sequences was also estimated. The nucleotide diversity among the 193 individuals is estimated to be 1.44%, which is three to four times higher than the corresponding value estimated from restrictionenzyme analysis of the whole mtDNA genome (Brown 1980; Cann et al. 1987) . By means of the estimated number of nucleotide substitutions between individual sequences, a phylogenetic tree was constructed by the NJ method, as shown in figure 6 . On the basis of clustering patterns and locations of lineages in the tree, sequences were classified into 11 groups, which are shown by brackets with grouping numbers (G 1 -G 11). Obviously, this grouping is somewhat arbitrary, since some groups are paraphyletic or even polyphyletic. However, it is useful for understanding the relationships of mtDNAs of Native Americans with those of other groups of humans. At any rate, figure 6 shows that the lineages of Native Americans fall into four different groups, i.e., G2, G4, G9, and Gl l-with the exception of two lineages, one appearing in G 1 and the other in G 10. This suggests that the four clusters within Native Americans, as shown in figure 3 , are also distinct in the entire human population including Asians, Europeans, and Africans.
The composition of the 11 groups and the geographic distribution of the 193 human lineages are summarized in table 4. Although there are only 10 African lineages in this analysis, they are dispersed into four groups: Gl, G5, G6, and G8. On the other hand, the majority (65%) of European lineages fell into G6, while one to three individuals appeared in four other groups. By contrast, Asian lineages are dispersed into every group, suggesting that, overall, Asians have diversified mtDNA sequences. The four groups that contain the majority of Native Americans are groups G2, G4, G9, and G 11. Each group consists exclusively of Asians and Native Americans, except for two Europeans in G2. Furthermore, Asians and Native Americans in G2 all showed the 9-bp deletion in a small noncoding region between CO11 and tRNALys. We analyzed the nucleotide diversities within and between the four racial or geographic groups, on the basis of estimates of the number of nucleotide substitutions between individual sequences (table 5). In table 5, discrimination between Asian-l and Asian-2 is based on the clustering patterns of the phylogenetic tree; namely, Asians belonging to groups G 1 -G3 are defined as "Asian-1," while those in groups G4-G 11 are defined as "Asian-2". These subpopulations of Asians correspond to Japanese groups I and II, respectively, which were inferred from the restriction-enzyme analysis . When this subdivision of Asians is applied, it is evident that Asian-1 is much more diverse than Asian-2. The nucleotide diversity within Native Americans ( 1.29%) falls between values of Asian-l ( 1.65%) and Asian-2 ( 1.13%). The nucleotide diversity within Africans (2.32%) is the highest, and that within Europeans (0.95%) is the lowest. Furthermore, the nucleotide diversity within Africans is larger than all of the interracial diversity. Thus, earlier findings that, compared with Europeans and Asians, Africans have highly diversified mtDNAs, which were deduced from restriction-enzyme analysis Cann et al. 1987 ) and extensive sequence analysis for Africans reported by Vigilant et al. ( 199 1 ) , are confirmed by the quantitative analysis of the nucleotide sequences from the entire human population. 
Shared and Unique Polymorphic Sites among Racial Groups
In the present sequence analysis of 193 individuals, there are 132 polymorphic sites, as shown in table 6. Of these, nine sites are shared by all four racial groups, and one to six sites are found in common among three racial groups. The presence of polymorphic sites shared by three or four racial groups is probably due either to the ancient polymorphism before the divergence of racial groups or to parallel mutations that occurred in different lineages. However, polymorphic sites shared by two racial groups may indicate their closer genetic affinities. In fact, 12 polymorphic sites are commonly found between Asians and Native Americans, whereas fewer than six sites are shared by other combinations of the racial groups. On the other hand, we observed many polymorphic sites that are specific to each race: 46 for Asians, 15 for Africans, 14 for Native Americans, and 12 for Europeans. When these numbers are proportioned to the numbers of individuals tested, racially specific polymorphic sites are predominantly found in Africans. This indicates that Africans are much more diverse than Europeans, Asians, or Native Americans, as indicated by the analysis of nucleotide diversity between each sequence.
Detection of an Asian-specific 9-bp Deletion As mentioned above, the deletion of the 9-bp fragment in the COII/tRNALYS intergenic region of mtDNA (region V; Cann and Wilson 1983 ) is one of the characteristics of Asians and Native Americans who belong to the G2 cluster in the phylogenetic tree ( fig. 6 ) . Recent analysis of region V from five hominoid species (common and pygmy chimpanzees, gorilla, orangutan, and siamang; Horai et al. 1992 ) supports the hypothesis that two copies of the 9-bp sequence were originally acquired in the human lineage (Human A in fig. 7 ) and that the loss of one of the two copies occurred in the common ancestor of an Asian and Native American lineage of G2 (Human B).
PCR amplification of the relevant segment, followed by size determination in electrophoresis, is a rapid and efficient means of screening for the deletion. By PCR, targeted regions of mtDNA from Native Americans were screened for the deletion. We observed an amplified fragment of 100 bp or 9 1 bp derived from region V, which corresponds to the presence of two copies or one copy, respectively, of the 9-bp sequence in each individual. Overall, 18% of the Native American population have the 9-bp deletion in region V of their mtDNA. Present and published information on the frequency of the deletion in several Asian and Pacific populations is summarized in table 7. The deletion is absent in Australian aborigines and in Highlanders of Papua New Guinea but occurs in every other Asian and Pacific population examined. A particularly high frequency is observed in Polynesians. Previous studies for the detection of the 9-bp deletions in Native Americans reported that the deletions were exclusively observed in the North and Central American populations and were not found in the South American population (Schurr et al. 1990; Torroni et al. 1992) , suggesting that a genetic restriction occurred between North and South America. In the present study, however, we observed the existence of the 9-bp deletion in every population for Colombia and Chile. Therefore, the deletion has been distributed among all the Americas. Because of both the haploid nature of mtDNA and its complete linkage over the genome, we further examined correlation between the 9-bp deletion and unique polymorphisms in the major noncoding region (table 8 ) . Of the 193 individuals, 13 Asians and 13 Native Americans exhibited the 9-bp deletion. All of the individuals with the deletion shared two polymorphic sites (C at 16 189 and C at 165 19). In addition, 20 individuals possessed another polymorphism at bp 162 17 (C). However, 11 other polymorphisms were restricted to respective lineages consisting of one to five individuals. Six lineages of Native Americans exhibited additional polymorphisms at particular sites that are specific to each lineage, whereas seven Asian lineages showed other specific polymorphisms, indicating a clear separation between Asian and Native American lineages that possessed the 9-bp deletion. These observations suggest that, if the deletion event was once in the Asian ancestry, then it must have occurred a rather long time ago.
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Depth of Polymorphisms in Native Americans
To calibrate the divergence times of the four Native American clusters, it is necessary to get a proper assumption of the time at which the common ancestor of modern human mtDNA existed. On the basis of restriction-enzyme analyses of mtDNA from major human races, several authors have suggested that the time of the deepest root of the mtDNA tree of humans was -200,000 years ago (Brown 1980; Johnson et al. 1983; Cann et al. 1987) . Vigilant et al. ( 1989) examined the problem by directly sequencing 740 nucleotides in the major noncoding region of mtDNAs of 83 individuals from the major geographic populations. They estimated that the deepest root of the mtDNA tree of humans was -238,000 years ago, consistent with the previous estimates from restriction-enzyme analyses. The human-chimpanzee divergence was taken as a reference to calibrate the clock, which suggested that a large number of multiple substitutions had occurred between these two species. The way in which Vigilant et al. ( 1989) corrected for multiple substitutions, however, is approximate, and it seems to be worthwhile to reanalyze their data by a more rigorous statistical method. Recently, by using a generalized least-squares method developed by Hasegawa et al. ( 1985) and Kishino and Hasegawa ( 1990) , Hasegawa and Horai ( 1991) have analyzed the sequence data from Vigilant et al. ( 1989) and Horai and Hayasaka ( 1990) , in addition both to those of previous papers by Anderson et al. ( 198 1) and Greenberg et al. ( 1983) and to those from the common chimpanzee and pygmy chimpanzee sequenced by Foran et al. ( 1988) . They have estimated the time of the deepest root of the mtDNA tree of humans. The date of branching between the common chimpanzee and pygmy chimpanzee is estimated to be -2 Mya. This is consistent both with an estimate based on restriction analysis (Wilson et al. 1985) and with that based on sequence analysis (Horai et al. 1992) . The deepest root for mtDNA polymorphism in the human population is estimated to be 280,000 + 50,000 years ago.
Although our analysis indicates that contemporary Native Americans consist of the four major mitochondrial lineages, the question remains whether these different lineages represent separate waves of migration to the American continent; and, if so, when did these migrations occur? To address these questions, it is necessary to evaluate the characteristics of Native American clusters and their evolutionary courses in the entire human population. For this purpose, another phylogenetic tree was constructed by the UPG method, with the assumption of rate constancy in the sequenced region ( fig. 8 ). In this tree as shown in figure 8 , Native American lineages included in the four clusters are shown by solid lines, whereas other human lineages are drawn by dashed lines. Although a majority of members are Native Americans, there are some Asian individuals in each cluster: five Asians for cluster I, three for cluster III, and one each for clusters II and IV. For example, in cluster II, one Japanese appeared together with two Native Americans in a small cluster that diverged at a final branching point. This coalescence occurs at only 7% in length of the total way from the tips to the root of the tree. As mentioned, we assume that the mitochondrial lineage divergence took place -2OO,OOO-300,000 years ago, as deduced both from previous studies of restriction-enzyme analyses Cann et al. 1987) and from sequence analyses (Vigilant et al. 1989, 199 1; Hasegawa and Horai 199 1; Kocher and Wilson 199 1) . Applying these dates to each lineage divergence in the tree gave the dates of 14,000-2 1,000 years ago for this initial coalescence. The same magnitude of coalescence between the Asians and Native Americans is also observed in the other,three clusters. As the Japanese and the Native Americans reside on two different continents (Asia and America), ancestors of these Native Americans must have migrated after the initial coalescence time of two lineages. Thus, we infer that the first appearance of Native Americans in the New World occurred 14,000-2 1,000 year ago. Paleogeographic data indicate that during the last glacial maximum, which is 18,000 years ago, the whole Bering platform was ~100 m below modern sea level. The lower sea level exposed the Beringia plain for > 1,000 km across (Hopkins 1967, pp. 45 l-484) . Our estimate for the migration time (the median being 17,500 years ago) is consistent with the time suggested by the paleogeographic data.
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sequences of mtDNA region V from six hominoid species. The sequences for common and pygmy chimpanzees, gorilla, orangutan, and siamang were taken from Horai et al. ( 1992) . The 9-bp sequence acquired in the human lineage is indicated by horizontal brackets. One of the two copies of the 9-bp sequence is deleted in Human B.
Different Waves of Migration
The phylogenetic tree also suggests that the four distinct clusters containing Native Americans may represent different waves of migration to the New World. The coalescence time within each cluster is less than one-fourth of the coalescence time for the entire tree. However, the coalescence time of the four clusters is a little longer than half the latter coalescence time. When we assume that the mitochondrial lineage divergence took place -200,000 years ago, this coalescence time (shown by a black dot in fig. 8 ) amounts to 5,000 generations, if the generation time of humans is 20 years. To maintain such distinct lineages in a single panmictic population during such a long time, it is required that the number of breeding females is 1,000, with probability 0.02 (Takahata 199 1). It seems that this estimated number of breeding females is too large compared with the effective size of the entire human population ( 104) as estimated by Nei and Graur ( 1984) . It appears more likely that individuals in the four clusters are descendants of four different ancient populations, which had been well isolated from each other for a relatively long period of time. We therefore postulate that the four clusters represent different waves of migration to the New World. Although it is difficult to determine the times of occurrence of the four waves of migration, they seem to have taken place 14,000-2 1,000 years ago, if the initial coalescence time inferred from the phylogenetic tree is valid.
Pairwise Nucleotide Differences among Native Americans
Episodes of demographic processes in human populations can be inferred from the distribution of nucleotide differences between all pairs of individuals in a population (Di Rienzo and Wilson 199 1). Previous observations of non-African populations, including Caucasians, Japanese, and American Indians, exhibited the distribution with a single peak for pairwise differences (Di Rienzo and Wilson 199 1) . They showed that only African populations have distributions with two or more modes, which is significantly different from the Poisson, for which the mean is determinable from the observed distribution. On the basis of the distributions of pairwise differences, they proposed that there are two likely scenarios of demographic growth and geographic expansion of the non-African populations, as opposed to the ostensibly constant size of African populations.
To check this point in the present Native American populations, we looked at the distribution of sequence differences between all possible pairs of individuals among 1991~ Horai et al. 1987 Schurr et al. 1990 Schurr et al. 1990 Schurr et al. 1990 Present study Present study the Native Americans. As shown in the upper graph in figure 9 , a clear bimodal distribution in all pairwise comparisons of Native Americans was observed. Moreover, when we reanalyzed the sequence data presented by Ward et al. ( 1991) , an exactly similar bimodal distribution was observed in a single tribe of American Indians ( fig.  9 , middle graph). Our observation is therefore contradictory to the previous observation for non-African populations, including Caucasians, Japanese and American Indians, which exhibited the distribution with a single peak (Di Rienzo and Wilson 199 1).
The disagreement in the observation of the Japanese population is probably due to an inadequate interpretation of our previous sequence data (Horai and Hayasaka 1990) . Since 6 1 Japanese individuals, all of whose restriction types were different from one another, among 116 subjects , were chosen for sequence analysis, they are not random samples of the Japanese population. In fact, when we also reanalyzed the Japanese population, taking into consideration the frequency of each restriction type, we observed a trimodal distribution of pairwise differences ( fig. 9, lower graph) . The approximately Poisson distribution of pairwise differences, therefore, may hold true only for Caucasian populations. The previous studies have suggested that the original colonists of the Americas passed through a narrow bottleneck before or during the colonization time (Wallace et al. 1985; Schurr et al. 1990) . Because the severe bottleneck should have generated a unimodal distribution of pairwise differences, the bimodal distribution in the entire American population suggests that there was neither severe bottleneck nor rapid expansion in population size during the peopling of the New World, though some of the four migrant populations might have experienced some degree of bottleneck. This agrees with dispersed and distinct locations of the four Native American lineages in the phylogenetic tree, which is in contrast to the starlike phylogeny seen in Caucasians (Di Rienzo and Wilson 199 1, fig. 1 ) , where most branching points are clustered within a narrow range of sequence divergence.
Conclusion and Perspectives
The nucleotide sequences of mtDNA from 72 Native Americans sampled in a wide range of North, Central, and South America were determined. Through an extensive analysis of sequence data, we tried to deduce the genetic background of the Native Americans-when and how the first Americans peopled the New World. Owing to the large amount of sequence data from other geographic or racial populations, we were able to gain insights into the structure and the history of the first Americans. As mongoloids, the contemporary Native Americans possess characters similar to Asians, with respect to nucleotide diversity and shared polymorphic sites. We identified four major clusters in the Native Americans. Phylogenetic analysis indicates that these four clusters are not only distinct but are dispersed in the entire human population. Although no Native American was identical in sequence to an Asian, some Asian lineages always intermingled in every cluster. Thus, we postulate that these four clusters represent respective ancestral populations in northeast Asia that were well isolated 43 from one another. These populations migrated separately and gradually toward the Bering landbridge. While they migrated, part of the ancestral Asians and ancestral Native Americans diverged from each population. We infer that the migration to the New World occurred gradually in different waves, and we estimate that the first migration across the Bering landbridge took place -14,000-2 1,000 years ago.
However, the present Native Americans represent so-called Amerindians (PaleoIndians) who were the earliest migrants to the New World, according to Greenberg et al. ( 1986) . Nonetheless, our study revealed that, even at the initial colonization, a considerable amount of mitochondrial diversity was introduced into the Americas, probably by separate migrations. Since the Nadene Indians, Aleuts, and Eskimo seem to have derived from later migrations, further investigations of these populations should illustrate the total scenario of the peopling of the Americas. When future studies obtain even more thorough geographic sampling, especially from Siberia and Alaska, we expect to attain a deeper understanding of the dispersal of the mongoloids and the peopling of the Americas.
